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Applied research and development, although critical to our future, cannot be successful without an accom- 
panying quest for fundamental knowledge, i.e., basic research. Using their broad base of technologies, the 
Japanese are working to create new ideas and products. They firmly believe that the achievement of these re- 
lies on a firm foundation in R&D. In this article Mohamed Henini briefly describes some selected new research 
developments at Nippon Telegraph and Telephone Corp (NTT) and Asahi Chemicals Industry, which he visit- 
ed recently. 
S 
ince 1997, the Japanese econ- 
omy has been in great difficul- 
ty, which may have some 
impact on the country’s R&D. Like 
human resources, financial capaci- 
ty, and information and telecom- 
munications, technology is one of 
the important factors that deter- 
mine the international strength of 
a nation. Japan still maintains high 
technological levels, but R&D 
expenditures have declined as a re- 
sult of the present economie stag- 
nation, and it is feared that 
the development of new technol- 
ogies will slow down. However, 
Japan has lost none of its superior 
technological abilities. 
SEM-MBE at NlT 
Research and development in 
what we know now as NTT, the 
world’s largest telecommunica- 
tions company, began in 1948. As 
Dr Tatsuo Izawa, Senior Vice 
President, Research, at NTT says, 
“the driving force behind our re- 
search is the same now as it was 
then: to serve our customers better 
and to prosper as a company”. 1 
have found this to be true not only 
for NTT but for all the Japanese 
companies 1 have visited over the 
years. 
N?T Basic Research Laborator- 
ies (BRL), located in Atsugi, has a 
broader mission than those of oth- 
er N’IT laboratories. The research 
Figure 1. SEM images of a growth seqoence of GaAs on GaAs (111)A at 577°C. The time measured from the initiation of growth is indicated 
at the top-left corner of each image. (Courtesy of Dr. H. Yamaguchi, NTT) 
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Figure 2. SEM micrograph of a hexagonal 
microprism (HMP) of GaN grown on the cir- 
cular opening with a diameter of 5 pm (top). 
Schematic diagram showing the layer struc- 
ture, the different facets and the sapphire 
cvstallographic orientation (bottom). 
(Courtesy of Dr l.Akasaka, NT7J 
topics range from information pro- 
cessing in the brain to semicon- 
ductor physics and quantum 
optics. The research at BRL has 
more than academie interest as it 
wil1 have profound effects on to- 
morrow’s technology. 
It has long been considered im- 
portant to visualize the surface 
processes during molecular beam 
epitaxy (MBE), not only for the un- 
derstanding of the detailed growth 
mechanism, but also for precise re- 
al-time growth diagnostics and 
feedback control. Zn situ character- 
ization methods such as reflection 
high energy electron diffraction 
(RHEED) and surface-sensitive op- 
tical spectroscopy can observe 
monolayer-leve1 growth processes, 
but these observations are based 
on indirect information obtained 
by measuring electron or optica1 
reflectivities averaged over macro- 
scopic areas of a growing surface. 
In the surface morphological char- 
acterization during homoepitaxial 
growth of GaAs on GaAs, it is nec- 
essary to use an in situ surface ob- 
servation method with monolayer 
resolution because the surface 
roughness is only a few monolay- 
ers during the growth, and ex situ 
morphological characterization 
cannot exclude the influence 
of thermal quenching. 
Dr H.Yamaguchi and his co- 
workers at BRL have developed a 
scanning electron microscope- 
MBE (SEM-MBE) system that pro- 
vides spatially resolved observation 
of the growth processes at mono- 
layer levels. It has suftìcient vertical 
and horizontal spatial resolution 
for observing surface monomolec- 
ular steps of GaAs, with a geometry 
that provides a large (more than 5 
mm) working distance for mi- 
croscopy, allowing the growth to 
be unimpeded by the observation 
process. 
In previous work on the use of 
GaAs (001) substrates, the morpho- 
logica1 oscillations corresponded 
to the RHEED oscillations.This sur- 
face, however, creates a high densi- 
ty of two-dimensional nuclei that 
obstruct the in situ observation of 
detailed step structures during the 
growth. Recently, Yamaguchi and 
colleagues have prepared GaAs 
(11 l)A substrates that drastically 
lower the nucleation density, al- 
lowing nucleation sites and the 
motion of monomolecular steps to 
be individually monitored. The nu- 
cleation density and the step veloc- 
ity as a function of growth 
parameters were measured and 
compared with the standard theo- 
ry of crystal growth. 
Figure 1 shows a typical SEM 
image sequence obtained during 
the growth of GaAs at 577°C on a 
(11 l)A surface with a Ga deposi- 
tion rate of about 0.7 monolay- 
ers.min-‘. The As/Ga supply ratio 
was high enough (about 30) that 
growth was governed mainly by 
the motion of Ga atoms. The fïrst 
nucleation of a monolayer island 
was confirmed at 6 s after the initi- 
ation of growth (see A in Figure 1). 
It can be clearly seen that the 
monolayer islands then increased 
in size while retaining the regular- 
triangle shape that reflects the 
three-fold rotational symmetry of 
the (1ll)A surface. The three 
{ 1-10) monomolecular steps form- 
ing the triangles advanced at near- 
ly constant velocities, measured to 
be l.lkO.3 nm.s’, to then induce 
coalescence of the islands and ti- 
nally single monolayer growth of 
GaAs. 
This is the first experimental 
observation of the island formation 
during the initial stages of MBE 
Figure 3. SEM micrograph of HMPs of GaN 
grown on hexagonal openings with a diam- 
eter of 16 pm. (Courtesy of Dr TAkasaka, 
NT7I) 
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Figure 4. SEM micrographs showing (a) 
HMPs and (b) stripes ofAIO,,GaO,,N with 
smooth vertical facets. (Courtesy of Dr 
TAkasaka, NTT) 
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Figure 5. (a) 10 ums AFM image of GaN on 
an on-axis SiC substrate. Steps mostly con- 
sist of double stacked monolayers (DSM). 
NO spiral steps due to screw dislocations 
are found. (b) A 10 urr? AFM image of GaN 
on a 3.5” off SiC substrate. The GaN sur- 
face is bunched. The step height is about 
100 nm. (Courtesy of Dr T Nishida, NTT.) 
growth. The SEM-MBE system is, 
therefore, suitable for the quantita- 
tive characterization of growth-in- 
duced surface roughness. 
GaN HMPs 
The fabrication of high ,efficiency 
mirrors for nitride lasers has been 
problematic because of the diftì- 
culty of cleaving or dry etching of 
111-V nitrides. Crystal facets fabri- 
cated by selective metalorganic 
vapour phase epitaxy (MOVPE) 
are suitable for use in laser cavity 
fabrication since they are expect- 
ed to be smooth and flat on an 
atomic scale.The selective MOVPE 
technique also has the advantage 
that various kinds of structures 
and facet surfaces can be fabricat- 
ed without process damage, by 
changing the mask pattern or the 
crystal growth conditions, or 
both. T.Akasaka and colleagues 
have studied selective growth of 
GaN and AlGaN using low-pres- 
sure MOVPE. The procedure for 
sample preparation consisted of 
the following steps. A 1.2 pm 
thick epitaxial GaN layer was 
formed by MOVPE on a (0001) 
sapphire substrate.A 50 nm thick 
layer of SiO, was coated on this 
GaN epitaxial layer.The mask was 
then patterned by the convention- 
al photolithographic technique 
combined with wet etching. 
Hexagonal, stripe and circular 
openings were formed. Finally, 
GaN and AlGaN were selectively 
grown. Trimethylgallium, triethyl- 
aluminium and NH, were used as 
source gases. 
Using this technique,T.Akasaka 
and co-workers have recently fab- 
ricated for the first time GaN 
hexagonal microprisms (HMPs) 5- 
16 pm in diameter, with smooth 
vertical (1-100) facets and no 
ridge growth. The (1-100) facet of 
GaN was parallel to a (11-20) facet 
of the sapphire substrate. Figures 
2 and 3 show SEM micrographs of 
HMPs of GaN grown, respectively, 
on the circular opening with a 
diameter of 5 urn, and on hexago- 
na1 openings with a diameter of 
16 Pm. These HMP structures 
must provide strong optica1 con- 
finement because the lasing light 
achieves complete reflectante in 
the inscribed hexagonal path. 
The selective growth of AlGaN 
is als0 important for applications 
of nitride lasers as wel1 as for elec- 
tronie devices such as the high 
electron mobility transistors 
(HEMTs) of field emitters. Akasaka 
et al. have also successfully fabri- 
cated Al,,,,Ga,,9sN HMPs and 
stripes with smooth vertical facets 
(Figure 4). Polycrystals of AlGaN 
can be seen on the SiO, masks. 
Cracks at the top of the side facets 
of the HMPs are thought to be 
caused by polycrystals formed at 
the initial stage of the growth. It is 
believed that a growth rate self-lim- 
iting effect due to the formation of 
sharp facets on the mask con- 
tributes to this phenomenon. 
As a substrate material for GaN 
growth, SiC is desirable because of 
its smaller lattice mismatch com- 
pared with sapphire substrates. 
Screw dislocations originating 
from spint1 steps degrade electron- 
ic and optica1 properties, and 
cause composition and thickness 
inhomogeneities. It is therefore im- 
portant to obtain epitaxial growth 
free of spiral steps. Dr T.Nishida 
and co-workers have investigated 
MOVPE growth of GaN on SiC sub- 
strates and found that the growth 
is dominated by the step-flow 
growth mode within a 10 pm* 
area, where no spiral steps are ob- 
Figure 6. (a) and (b) are magnified AFM im- 
ages of the left and the right parts of Figure 
5a, respectively (a) Clear twilled steps 
(TWS) are observed between the DSM 
steps along the [ll-201 and [l-2101, where 
the DMS dissolve into a pair of monolayers. 
(b) AFM image showing an untied step 
(UTM) structure. (Courtesy of Dr T Nishida, 
NlÌY) 
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served. They found doubly stacked 
monolayers (DSM) corresponding 
to a unit cell height, and a twilled 
step (IWS) structure due to the 
asymmetry between two types of 
monolayer steps in a GaN unit cell. 
Surface morphologies were 
analysed using AFM (Figures 5 and 
6). It is believed that step-flow 
dominant growth utilizing sub 
strate misorientation much less 
than 3.5” is necessary to obtain a 
flat and homogenous GaN growth 
and a high-quality device het- 
erostructure, even in the nitride 
materials. 
Co-doping at Asahi 
As we are approaching the 21st 
century,Asahi Chemical is making 
important revisions to its business 
portfolio. For example, the compa- 
ny foresees significant growth in 
the fields of multimedia and elec- 
tronies. There are four basic tech- 
nological elements which support 
multimedia: the data processor 
@Is), the power source (batter- 
ies), the visual interface (displays), 
and the memory (storage devices). 
Asahi Chemical are making ad- 
vances in each of these element% 
as well as the materials and com- 
ponents which comprise them. 
In the compound semiconduc- 
tor thin films division, leading edge 
development is currently under- 
way for next-generation InAs Hall 
elements with a deep quantum 
well structure and low tempera- 
ture dependency. Research is also 
underway for a CIS [CuIn(S,Se)21 
solar cell that employs a com- 
pound semiconductor thin film. 
The CIS solar cell, which is theoret- 
ically capable of achieving efficient 
photoelectric conversion, is a very 
promising solar power generation 
technology. Development is also 
progressing for other unique de- 
vices that use MBE technology. 
Asahi’s Department of 
Computational Science is als0 car- 
rying out interesting theoretical 
work. Control of the valence band 
of wide bandgap semiconductor 
Advantage of the “codoplng Method” 
lin F~b~l~~g ptype Qamkonductors 
808@8@ 
Acceptor 
An íncrease in: 
(i) solubíllty of the dopants; 
(ii) carrier density; 
and 
(iii) carrier mobility 
Figure 7. Advantages of the ‘co-doping method’in fabricating p-type semiconductors. 
(Courtesy of Dr 7: Yamamoto, Asahi Chemical.) 
GaN crystals to realize low-resis- 
tivity p-type crystals is a very im- 
portant issue which should be 
resolved in order to develop large- 
scale application of GaN and its 
related semiconductor technolo- 
gy. Low-resistivity p-type GaN 
crystals are diffìcult to fabricate. 
Various mechanisms that may lim- 
it the hole concentration in p-type 
doped GaN based on tìrst-princi- 
ple calculations have been pro- 
posed. Several authors have 
reported low-resistivity p-type 
GaN films. Despite the rapid 
progress in the development of 
the GaN crystals, however, little is 
known about the relation be- 
tween the cause of difficulty in 
fabricating low-resistivity p-type 
GaN and a change in the electron- 
ic band structure or in the nature 
of the chemical bonds of p-type 
doped GaN crystals. 
Dr TYamamoto of Asahi in col- 
laboration with Prof. K.Katayama- 
Yoshida at Osaka University have 
proposed an effective doping tech- 
nique - the socalled ‘codoping 
method’ - using acceptors and 
donors as codopants simultane- 
ously, for enhancing the p-type 
conductivity in semiconductors, 
especially in wide bandgap semi- 
conductors @gure 7). It is predict- 
ed that the co-incorporation of 
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d(Mg-Mg)= 4.51 d( Mg-Mg)= 4.51 d(Mg-Mg)= 3.18 
c3 Ga 0 N Mg ??SI 0 0 
A E Mad = -6.4 ei/ AEM,=-l.oeV 
Figure 8. Crystal structures of GaN co-doped with Si and Mg, doped with Mg alone, and 
co-doped with 0 and Mg. (Courtesy of Dr T: Yamamoto, Asahi Chemical.) 
d(BbBe)= 4.51 d(BbBe)= 8.88 d(Bet-Be)= 3.18 
A E f,,Jad = -7.9 Sv A E Mad = -2.2 ei/ 
~..- ._.. ---- .-- - - .~..~.. 
Figure 9. Crystal structures of GaN co-doped with Si and Be, doped with Be alone, and 
co-doped with 0 and Be. (Courtesy of Dr T Yamamoto, Asahi Chemical.) 
BeOW,, with 0, or Sic.. in co- 
doped p-type GaN produces high 
Be(Mg) concentrations with stable 
ionic charge distributions. 
The main role of the reactive 
donors, co-dopants, is to enhance 
the incorporation of acceptors, 
that is, to increase the solubility of 
the acceptor dopants as a result of 
the reduction of the formation en- 
ergy and the lattice relaxation en- 
ergy. This results in ion complex 
formation as mentioned below, 
without degrading the quality of 
the host crystals. A strong correla- 
tion between the donors and ac- 
ceptors results in the formation of 
the complexes, which occupy 
nearest-neighbour sites. The p-n-p 
complexes lead to two effects: (1) 
the individual long-range Coulomb 
scatterers due to acceptors alone 
are replaced by short-range scatter- 
ers combined with the dipole 
ones, resulting in high carrier mo- 
bility; and (2) the acceptor (donor) 
levels in the band gap will be low- 
ered (raised), resulting in high 
carrier density. Thus, the co-incor- 
poration of the acceptors and 
donors in wide bandgap semicon- 
ductors produces high p-type 
conductivity. 
In their recent studies, 
Yamamoto and Katayama-Yoshida 
have established the crystal struc- 
tures of p-type GaN by the co-dop- 
ing of n-type and p-type dopants, 
in the ratio of 1 to 2 (Figures 8 
and 9). From the total energy cal- 
culations for their modelling of su- 
percells, they found a large 
distance of 6.09 A between the 
two Be atoms (Figure 9) owing to 
the strong repulsive interactions 
between them, compared with 
that of 4.51 A between the two 
Mg atoms (Figure S).This may re- 
sult in the low solubility and insta- 
bility of Be impurities in GaN, 
hampering the employment of Be 
as a practica1 impurity. Figures 8 
and 9 show that reactive donors, 
Si and 0, enhance the incorpora- 
tion of the Be- or Mg-acceptors in 
p-type GaN. 
In conclusion, the Japanese 
firmly believe that the implemen- 
tation of companies’ future plans 
depends critically on a broad base 
of R&D, which generates new 
products, increases their reliabili- 
ty and drives down costs to practi- 
cal levels, turning today’s visions 
of the future into realities. 1 be- 
lieve that NTT and Asahi Chemical 
are companies of true innovation, 
working to improve the future. 
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